A Higgsless electroweak theory may be populated by spin-1 resonances around E ∼ 1 TeV as a consequence of a new strong interacting sector, frequently proposed as a tool to smear the high-energy behaviour of scattering amplitudes, for instance, elastic gauge boson scattering. Information on those resonances, if they exist, must be contained in the low-energy couplings of the electroweak chiral effective theory. Using the facts that: i) the scattering of longitudinal gauge bosons, WL, ZL, can be well described in the high-energy region (E MW ) by the scattering of the corresponding Goldstone bosons (equivalence theorem) and ii) the zeros of the scattering amplitude carry the information on the heavier spectrum that has been integrated out; we employ the O(p 4 ) electroweak chiral Lagrangian to identify the parameter space region of the low-energy couplings where vector resonances may arise. An estimate of their masses is also provided by our method.
A Higgsless electroweak theory may be populated by spin-1 resonances around E ∼ 1 TeV as a consequence of a new strong interacting sector, frequently proposed as a tool to smear the high-energy behaviour of scattering amplitudes, for instance, elastic gauge boson scattering. Information on those resonances, if they exist, must be contained in the low-energy couplings of the electroweak chiral effective theory. Using the facts that: i) the scattering of longitudinal gauge bosons, WL, ZL, can be well described in the high-energy region (E MW ) by the scattering of the corresponding Goldstone bosons (equivalence theorem) and ii) the zeros of the scattering amplitude carry the information on the heavier spectrum that has been integrated out; we employ the O(p 4 ) electroweak chiral Lagrangian to identify the parameter space region of the low-energy couplings where vector resonances may arise. An estimate of their masses is also provided by our method.
I. INTRODUCTION
LHC will conclude soon the search for the Standard Model (SM) Higgs boson below the TeV energy region. As up to now, with only a tiny open window of ∼ 20 GeV, there are good chances that there will be no Higgs. If this is the case the search for the dynamics of the spontaneous symmetry breaking of the electroweak gauge symmetry will become a crucial goal of the high-energy physics research.
A Higgsless world would be most probably characterized by the presence of a new physics scale associated to a strong interacting sector lying around E ∼ 1 TeV and related with the spontaneous breaking of the electroweak symmetry [1, 2] . A reasonable assumption, based on our knowledge of lowenergy hadron physics, is that such a non-perturbative dynamics would lead to resonances that can be at the reach of future runs at the LHC or at an envisaged Linear Collider. It has also been argued that without a light Higgs the violation of perturbative partial-wave unitarity in the elastic scattering of the longitudinal components of those W or Z gauge bosons could be prevented by those spin-1 resonances [3] though this is by no means compulsory [2] . In this article we plan to investigate the possible existence of those vector resonances contributing to the W L Z L → W L Z L scattering process.
The symmetry breaking sector of the Standard Model without a Higgs becomes a non-linear sigma model with SU (2) L ⊗ SU (2) R /SU (2) V symmetry where the SU (2) L ⊗ U (1) Y gauge symmetry is properly embedded. Interestingly enough the Lagrangian that describes it is the one of twoflavour Chiral Perturbation Theory (ChPT) [4, 5] with pions substituted by the Goldstone bosons that provide masses to the gauge bosons. ChPT is an effective field theory of Quantum Chromodynamics (QCD) at very low-energy, driven by the chiral symmetry of massless QCD, perturbative in momenta and valid for p 2 (4πF π ) 2 (being F π the decay constant of the pion), and renormalizable order by order in its perturbative expansion.
As in any effective field theory the low-energy coupling constants (LECs) of ChPT carry the information of the heavier spectra that has been left out in the procedure of constructing the low-energy theory. Indeed it has been shown that, at O(p 4 ), the LECs are saturated by the lightest hadron resonances [6] . In particular the two relevant LECs that appear in the amplitude of the elastic pion-pion scattering are given by the contribution of the ρ(770). Hence one can wonder if it would be possible to obtain the mass of the ρ(770) from the values of those LECs. Of course it is not possible to establish the existence and properties of resonances using a perturbative framework. However one can provide procedures to resummate the perturbative contributions to the amplitude. We will translate one of these methods from the well studied QCD framework to the electroweak sector.
The procedure that we devise in order to explore the occurrence of spin-1 resonances in the E ∼ 1 TeV region is based on the information about the spin-J resonances (J ≥ 1) provided by the zeros of the scattering amplitude. This method goes back to the study of the zeros in ππ → ππ [7] . In Ref. [8] it was shown in the framework of ChPT that the zeros of the I = 1 ππ → ππ amplitude (I is short for the isospin quantum number) predict the mass of the ρ(770) resonance when the chiral LECs are saturated by the resonance contributions. This shows that, though the ChPT amplitude is only valid for p 2 M 2 ρ , the extrapolation provided by its zeros is to be trusted up to E ∼ M ρ .
The method can be applied to the electroweak sector employing the two following ingredients. First, the fact that the elastic scattering amplitude of the longitudinal components of the gauge bosons is given, at E M W , by the amplitude of the elastic scattering of the Goldstone bosons associated to the spontaneous electroweak symmetry breaking. This is known as the equivalence theorem and was devised originally to study those processes with a very heavy Higgs [2, 9] . The equivalence theorem thus allow us to trade the dynamics of the longitudinally polarized gauge bosons by the one of the corresponding Goldstone modes. And the second ingredient, already commented above, is the fact that the interactions among Goldstone bosons in the Higgsless electroweak theory is described, at least at leading order, by the two-flavour ChPT Lagrangian where now the multiplet of pions is substituted by the Goldstone fields that provide masses to the gauge bosons. The obvious difference is the relevant scale that rules the perturbative expansion of the amplitude [10] [11] [12] . Indeed the perturbative scale is now driven by v ∼ ( pansion and the Higgsless electroweak chiral effective theory (EChET) just mentioned, our working region is determined by M W E 4πv. We therefore exploit in this work the analogies between ChPT and Higgsless EChET and study the elastic scattering of the longitudinal components of the electroweak gauge bosons as described by the latter. Then, assuming that the LECs of the effective theory are saturated by the lightest vector resonances (if these exist) we determine the zeros of the amplitude and we explore the parameter space of the two only LECs that appear in the scattering amplitude, obtaining important information on the possible resonances.
The contents of this article are the following. In Section II we revisit the role of the zeros of an amplitude and its relation with the resonances of the theory. We will focus on the well known case of ππ → ππ scattering and the ρ(770). In Section III we briefly review the Higgsless electroweak effective theory applied to the W L Z L → W L Z L scattering on which we will particularize our study. Section IV will be devoted to the analysis of the zeros of that amplitude and their interpretation as vector resonances. We will also discuss our results and the possibility left for LHC to disentangle the presence of these vector resonances. Our conclusions will be given in Section V. An Appendix reminds the reader the general conditions of convergence of the partial-wave expansion of the elastic ππ scattering amplitude.
II. THE ROLE OF THE ZEROS OF THE SCATTERING AMPLITUDE
We will now develop our method using QCD as the reference framework, taking advantage of the precise experimental data available and the good knowledge of the LEC values of O(p 4 ) ChPT used to describe the low-energy processes like ππ scattering. No conceptual changes will be needed to apply the method to the electroweak case.
The low-energy dynamics of elastic ππ scattering is determined by the existence of the lightest meson resonances contributing to that amplitude, σ(600) and ρ(770). Though the σ(600) is mainly related with the chiral logs (it appears at next-to-leading order in the large number of colours (N C ) expansion), the information of the ρ(770), leading in 1/N C , is encoded in the low-energy couplings at O(p 4 ) in the chiral expansion [6] . Within a quantum field theory approach, one can determine the resonance contributions to the chiral LECs starting from a Lagrangian with explicit resonance fields and then integrating them out. Typically those LECs are given in terms of the resonance couplings to the pions and inverse powers of the resonance masses.
One can wonder if the opposite procedure is viable. That is, if it would be possible to determine the mass of the resonances from the phenomenological determination of the LECs. As the ChPT amplitudes provide a perturbative expansion in momenta it is clear that the poles of resonances are not a feature of chiral symmetry. However a link between chiral dynamics and resonance contributions can be provided employing some ad-hoc resummation techniques like Padé approximants, the inverse amplitude method or the N/D construction [13] [14] [15] . We will propose an alternative procedure based on the zeros of the scattering amplitude [7, 8, [16] [17] [18] as given by ChPT at O(p 4 ) (we will also comment on the next O(p 6 ) contribution). Consider the amplitude F (s, t) for π
in the s-channel:
This amplitude has no I = 0 component, and from the phenomenology we know that the isovector P-wave is large whereas the I = 2 (exotic) S-wave is small. We can anticipate that these features are essential for our method. The P-wave is dominated by the ρ(770) resonance and therefore around this energy region we can write the partial-wave expansion of the amplitude as:
is the partial-wave with isospin I and angular momentum , defined through the partial-wave expansion of the s-channel amplitude with defined isospin:
with P (z) the Legendre polynomial of degree . Unitarity imposes severe constraints on the structure of the partial-waves f I (s). A description consistent with unitarity is given by
with δ I the phase shift of isospin I and angular momentum , that is real for elastic scattering.
The remaining terms not quoted in Eq. (2) amount to numerically suppressed higher partial waves. Taking into account the small size of the S-wave component, the angular distribution associated to F (s, t) would have a marked dip at cos θ = 0, where also F (s, t) 0. This reflects the spin-1 nature of the ρ(770). Due to the properties of the Legendre polynomials these dips in the angular distribution (or zeros of the amplitude) will appear for > 0 and their number in the physical region, cos θ ∈ [−1, 1], will be given by the angular momentum of the partial-wave. These zeros can be considered as dynamical features which give the spin to the resonance. This observation gives us a possible path to analyze the spectrum of J ≥ 1 resonances integrated out and hidden in the couplings of the effective field theory. Let us specify several features of the zeros of the amplitude and give precise definitions that will help to fix our procedure.
Being analytical functions of more than one variable the zeros of the amplitude are not isolated but continuous, defining a one-dimensional manifold for real s and complex t. Using Eq. (1) the F (s, t) amplitude in the s-channel may be expressed as F (s, z) with z ≡ cos θ. Then the solution of F (s, z 0 ) = 0 for physical values of the s variable is defined by z = z 0 (s). Though the zeros of the function happen at complex values of the z variable, we define the zero contour as the real part of the zeros (Re z 0 (s)). It is also phenomenologically observed [19, 20] that this contour continues smoothly from one region to another in the Mandelstam plane 1 . Using Eqs. (2,4) we get:
In the narrow resonance approximation (dropping Γ ρ (s) in the numerator of Eq. (5)) we see that z 0 (M 2 ρ ) = 0. For a finite ρ(770) width we have:
that satisfies Re z(M Hence, for a generic amplitude where the P-wave contribution dominates and is saturated by a vector resonance, the resonance mass M R should be found as the solution of:
where z 0 (s) is the zero contour obtained from that amplitude. We will take this condition as our source of information on the resonances given by F (s, t). It is clear, from Eq. (2), that how deep is the dip of the angular distribution will also depend on the size of the imaginary part of the zeros. We will comment on this point further in Section IV. Let us repeat (and update) now the procedure in Ref. [8] , showing how the method developed works in a real case. The
, with the variables defined in Eq. (1), is given by [5] :
where F is the decay constant of the pion in the chiral limit, F F π 92.4 MeV and M M π 138 MeV. The oneloopJ(x) function was defined in Ref. [5] . 1 and 2 are a priori unknown low-energy couplings related with those of the O(p 4 ) ChPT Lagrangian with two flavours,
Here µ is the renormalization scale. With these definitions the i couplings are, but for a factor, equal to
) and thus scale independent. It is well known [6] that the O(p 4 ) chiral LECs are saturated by the contribution of the lightest resonances that have been integrated out. In fact, r 1 (µ) and 1 There is one known situation where this is not the case and the contours wiggle. This happens when they pass a threshold that opens strongly in the S-wave. One such example is the KK threshold in I = 0 ππ scattering [21] . As we consider here the π − π 0 channel, which has no isoscalar component, we expect the zero contour to be quite smooth well beyond the ρ(770) mass. [22] , the resonance contributions to the latter read
M ρ is the mass of the lightest nonet of vector resonances, and G V is a coupling of the Resonance Chiral Theory phenomenological Lagrangian [6] . Its value is estimated as G V ∈ [40, 50] MeV [23, 24] and we take G V 45 MeV for the numerical evaluation. In addition
. The constants i become µ−dependent if we substitute the r i (µ) in Eq. (9) by the treelevel estimates above. It is generally assumed that vector resonance saturation of the low-energy constants implies that the
The bands correspond to the range of LECs for µ = 0.6 GeV and µ = 0.9 GeV as given in Table I . The zero contours connect with the Weinberg's projection of the Adler zero inside the Mandelstam triangle [25] .
resonance contributions determine the LECs quite well for a scale µ of the order of the mass of the resonance. Within the interval µ ∈ [0.6, 0.9] GeV, the couplings 1 and 2 take the values shown in Table I ; for the central value, µ = M ρ , one gets 1 = 0.25, 2 = 5.03. With these estimates, we can readily evaluate the zero contour from the O(p 4 ) ChPT, and obtain the ρ(770) mass through Eq. (7). In the Mandelstam plane the outcome for the zero contours takes the form of the lighter band in Figure 1 , whose limits are given by the extreme values of 1 and 2 in Table I . These zero contours intersect the Re z-axis for M R ∈ [0.69, 0.91] GeV. The estimate is particularly good for the central value µ = M ρ , which yields M R = 0.75 GeV. Let us note that the µ-dependence of the zero contour prediction for the ρ(770) mass does not reflect any uncertainty intrinsic to the method, but is just a consequence of the incomplete knowledge of the resonance estimates of the LECs.
We would like next to show how the zero contour in Figure 1 changes when the next chiral order is considered. The
) has been computed in Ref. [26] . At this order the result depends on 6 low-energy couplings r [27] , then the relation of the two-flavour LECs with the three-flavour ones C r i (µ) [28] , and finally we determine the latter by integrating the resonance fields at tree-level [29] . Incidentally only vector resonances contribute to r Table I , are typically a factor of 2 to 4 smaller than the ones quoted in Ref. [26] . This proce- 
s)
.
Note that, if the S-wave I = 2 phase-shift is small, the P-wave phase shift δ 1 1 will pass through π/2 when Re z 0 (s) → 0, thus indicating the presence of a resonance. The zero contour provided by the O(p 4 ) ChPT amplitude could then be employed to obtain the contribution of the lightest vector resonance (the ρ(770) in the QCD case) to the δ 1 1 (s) phase shift. This is by no means evident. The chiral expansion provides an accurate description at very low energies only, namely for E M ρ . Hence the fact that the zero contour is able to unitarize the theory at E ∼ M ρ has to rely on the properties of those zero contours.
In Figure 2 we compare the experimental data on the δ 1 1 (s) phase-shift from elastic ππ scattering with different theoretical predictions. As expected the prediction given by the ChPT amplitude does not provide the right description for E ∼ M ρ , as can be seen looking at the dot dashed line that represents the ChPT result for the P-wave phase-shift, namely δ of the zero contour and its stability under unitarization procedures [18, 35] , collaborate to disentangle the information of the LECs, at least in the channel we are considering.
III. THE ELECTROWEAK CHIRAL LAGRANGIAN
In the absence of a Higgs, a strong interacting sector responsible for providing masses to the electroweak gauge bosons is described by Goldstone bosons π a , a = 1, 2, 3, associated to the SU (2) L ⊗ U (1) Y −→ U (1) em spontaneous symmetry breaking, which become the longitudinal components of the electroweak gauge bosons. The corresponding EChET Lagrangian is then described by the non-linear sigma model based on the coset SU (2) L ⊗ SU (2) R /SU (2) L+R where SU (2) L ⊗ U (1) Y is gauged. The SU (2) L+R ≡ SU (2) C is the custodial symmetry that is usually enforced in order to keep the relation M W = M Z cos θ W and the smallness of the T oblique parameter.
A convenient parameterization of the Goldstone fields is given by:
with τ a the Pauli matrices. This transforms as LU R † , with L ∈ SU (2) L and R ∈ U (1) Y , under the gauge group. Up to dimension four operators, the most general SU (2) L ⊗ U (1) Y gauge invariant and CP-invariant Lagrangian which implements the global symmetry breaking SU (2) L ⊗ SU (2) R into SU (2) L+R in the limit when g vanishes 2 , is given by the terms [10] [11] [12] :
with the operators:
where
The covariant derivative takes the form:
with 
A. Longitudinally polarized gauge boson scattering
In this work we are interested in the scattering of vector bosons with longitudinal polarization because is the one linked, through the Higgs mechanism, with the Goldstone bosons of the electroweak symmetry breaking sector. The exact relation is provided by the equivalence theorem [2, 9] :
2 Recall that the U (1) Y interactions explicitly break the global SU (2) L ⊗ SU (2) R and the custodial SU (2) L+R symmetries.
which states that, at center of mass energies E M V , the amplitude for the elastic scattering of longitudinally polarized vector bosons (V a L ) equals the amplitude where the gauge fields have been replaced by their corresponding Goldstone bosons (π a ). Now, we can use the electroweak effective Lagrangian (12) to calculate the amplitude of Goldstone boson scattering of Eq. (15) . Since the effective Lagrangian formalism is a low-energy expansion, some care is needed to apply the equivalence theorem, which is valid in the high-energy limit. The restricted version of the theorem which applies to the gauge boson scattering amplitude calculated at O(p 4 ) reads [36] :
where A (4) is the amplitude of Goldstone boson scattering at lowest order in the electroweak couplings (g and g ) as obtained from the effective Lagrangian L EChET . Therefore only the operators O 4 and O 5 in Eq. (13) contribute to that amplitude, which is linear in the a 4 and a 5 couplings. Let us remark that at O(g 0 , g 0 ) the masses of the gauge bosons vanish and the equivalence theorem, as given by Eq. (16), indicates that the Goldstone boson scattering amplitude has to be calculated in the zero mass limit. Mass corrections appear in the neglected terms.
Notice that the restricted version given by Eq. (16) is valid in the energy range given by M V E Λ EW . Since the EChET framework is analogous to ChPT, and the latter works reasonably well up to 500 MeV 2πF π , we can assume that the effective formalism for the electroweak theory is limited at about 2πv 1.5 TeV. Given the success of the zero-contour method for the case of the ρ(770) resonance, whose mass is larger than the limit of validity of the theory, the range above may be extended up to E < ∼ 2 TeV, at least for what concerns the determination of the resonance mass through the zero contours.
IV. ANALYSIS OF THE ZEROS OF THE WLZL → WLZL AMPLITUDE
The equivalence theorem pointed out in the last section can be used to relate, at leading order, the amplitude of W L Z L → W L Z L with the one of the corresponding Goldstone bosons, which is analogous to the π − π 0 → π − π 0 amplitude described in Section II. Notice that the physical system provided by the Higgsless Lagrangian in Eq. (12) is, but for the change of scale (F π → v), the same than the one of the ChPT. Therefore one would expect a similar dynamics if the P-wave contribution is saturated by a vector resonance. Consequently we could apply the same procedure and study the occurrence of I = 1 vector
analysis of the zero contours of the EChET amplitude. As explained in Section II, zero contours cross the resonance location close to where the Legendre polynomial vanishes, which for vector resonances amounts to the condition (7) . By virtue of the equivalence theorem, the amplitude for (8), with the trivial replacements:
In addition, the limit M → 0 has to be performed, according to the restricted form of the theorem. This amounts to writing M = 0 in the polynomial contributions in A(t, s, u). Care has to be taken in the one-loop functions, where keeping the leading order in that limit leaves a mass dependence in the logarithms. The scale-independentā i couplings are related to their renormalized counterparts in the MS scheme as:
This definition for a r 4 (µ) and a r 5 (µ) differs from that of Eq. (9) that relates the r i (µ) to the¯ i ; it matches though the definition used in recent literature [37, 38] for these couplings, so it is adopted here to make contact with those results. The natural order of magnitude of the couplings isā 4,5 ∼ O(1), so we can expect that a r i ∼ O(10 −3 ). Recalling the procedure that we used in Section II, we will look for the zero contours of the amplitude, A (4) (s, z 0 ) = 0, and identify the vector resonances with solutions of Re z 0 (M 2 R ) = 0. However we still need to impose another constraint on this result to ensure that the assumptions leading to condition (7) are fulfilled. As it was seen in Section II, our procedure depends crucially, after neglecting higher partial waves, on having a dominant resonance-saturated P-wave and a small, non-vanishing, S-wave contribution. We can translate this requirement to a numerical bound in the following way. Writing the equation A (4) (s, z 0 ) = 0 in terms of its partialwave series, one gets:
if higher-order partial waves are neglected. At the resonance location, s = M 2 R , the latter equation relates the size of the imaginary part of the zero with the ratio between the S-and the P-wave contributions:
The bound λ then defines the range of applicability of our method: zeros of the amplitude with imaginary part smaller than λ can be considered positive results in the search for vector resonances. The zeros which pass this condition bear a similarity to the near-by zeros introduced in the pioneering works on zero contours, characterized by small imaginary parts. A reference value for λ can be inferred from the ρ(770) 
for the upper panel cases, using the partial-wave expansion up to order .
case studied in Section II, where one gets |Im z 0 (M 2 ρ )| 0.36 (for µ = 0.77 GeV; see Table I ). For values of λ larger than 1/2 we cannot consider the S-wave to be significantly smaller than the P-wave, and we therefore choose λ = 1/2 as a limiting value for the identification of resonances in the zero contours. The dependence of our results on this cut is discussed later.
The λ-cut in Eq. (19) is also related with the convergence of the partial-wave expansion of the amplitude. For the zero mass case the partial-wave expansion is convergent only in the physical region, i.e. for z ≡ cos θ ∈ [−1, 1] (see Appendix A). The partial-wave series continued to complex values of z is at best asymptotically convergent. Hence smaller imaginary parts of the zeros imply a better behaviour of the series. In the lower panels of Figure 3 we show the convergence of the partial-wave series at s = M 2 R for three representative examples, corresponding (from left to right) to (ā 4 ,ā 5 ) = (10, 10), (8.5, 10) , (7.7, 10) , with non-zero imaginary parts given by |Im z 0 (M 2 R )| 0.26, 0.39 and 0.56, respectively. As can be seen there is a direct correlation between the size of the imaginary part of z 0 (M 2 R ) and the convergence of the expansion. Note also that the minimal value of the amplitude at the resonance location gets closer to zero for smaller |Im z 0 (M (7) and (19) with λ = 1/3, are found in the (ā 4 ,ā 5 )-plane. The contour lines drawn correspond to pairs of (ā 4 ,ā 5 ) which yield the same resonance mass. Though the validity of the approach cannot be trusted beyond E 2 TeV, we have displayed in the plot resonances found with masses up to 2.5 TeV. In order to show how dependent are the solutions from Eq. (7) to the cut (19) on the imaginary part of the zeros, we have also drawn in Figure 4 (outer dashed line) the boundary of the region yielding resonances when λ = 1/2. The hatched region in the left and lower parts of the plot corresponds to values of a 4 andā 5 forbidden by positivity conditions on the ππ scattering amplitudes. These bounds were obtained in Ref. [8] , and slightly improved in Ref. [39] . Translated toā 4 andā 5 they read:ā
Let us comment the most relevant features of the results of iii/ The dependence on the λ-cut is visible in the upper part (ā 5 > ∼ 0) of the boundary of the allowed region for resonances, where the λ = 1/2 contour departs from the λ = 1/3 one, which defines the shaded region. Making the cut smaller would further constrain the region where resonances are found. We nevertheless think that the value λ = 1/3 is a realistic one, since it provides a reasonable suppression of S-waves and it is also found in the QCD case for the ρ(770) resonance.
iv/ For resonance masses M R 0.8 TeV, where eitherā 4 orā 5 are large, the formula:
provides an approximation to the resonance masses in Figure 4 with an accuracy better than 10%. The formula (21) corresponds to the zero contours obtained by setting the loop functionsJ(x) in A(t, s, u) to zero, and further neglecting the mass M .
v/ A final consistency check for our method is provided by the Eq. (10) for the I = 1 P-wave phase-shift δ 1 1 . We evaluated the energy at which δ 1 1 = π/2 for each value of the parametersā 4 ,ā 5 in the shaded region of Figure 4 and we found that the result is basically the same we obtained from the condition in Eq. (7). Indeed, if we allow for at most a 10% deviation between both mass determinations, only the points in a tiny slice lying exactly on the boundary of the lower-half part of the big shaded region (in fact mostly excluded already by the positivity constraints) fail to pass the test. This result confirms that the S-wave background is indeed small, and therefore that the condition Re
0 is a characteristic signature for vector resonances. As it was commented in relation with Figure 2 , this result does not depend, essentially, on our knowledge of the δ 2 0 (s) phase shift. It is enough that this is small with respect to the δ 1 1 (s) phase shift at E M R . The LHC sensitivity to explore the values of the coefficients a 4 and a 5 has been investigated in Ref. [37] . The reported limits imply that in the combined regionā 4 < ∼ 35 and −38 <ā 5 < 45 no deviation from the SM prediction could be observed at the LHC. The prospects of measuring these parameters with improved accuracy in a high-luminosity e + e − collider operating at 1 TeV are slightly better [40] . On the other hand, the present bounds on new neutral vector resonances obtained recently [41] using ATLAS and CMS data, which exclude masses up to 1-2.3 TeV depending on their couplings and widths, could be used in combination with our results in Figure 4 to constrain the allowed regions ofā 4 and a 5 which can accommodate a vector-saturated model. A systematic study of resonance masses in the parametric space spanned by a r 4 (µ) and a r 5 (µ) using the Inverse Amplitude Method has also been performed [42, 43] . Their results, compared with our Figure 4 , look rather different. From the pole of the Padé-improved P-wave they find for the vector resonance masses the result:
that can be compared with our Eq. (21), though the latter is only valid for large values ofā 4 ,ā 5 , i.e. for M R 0.8 TeV. The slope of the lines of equal mass do not agree. Moreover, formula (22) forbids vector resonances in the region defined byā 5 >ā 4 + 1/3, where their existence is consistent with our conditions. Also we note that the results of [42, 43] predict resonances in the region ofā 4,5 ∼ 1, that contradict our findings. A detailed comparative analysis between both methods in order to trace the origin of the discrepancies shall be carried out elsewhere.
V. CONCLUSION
Under the assumption that no light SM Higgs will be found at the LHC, we have investigated a method to identify vector resonances originated from a strong electroweak symmetrybreaking sector in the 1 TeV energy region. These resonances have become a possible alternative to the SM Higgs in preventing the seeming loss of perturbative partial-wave unitarity in the elastic scattering of the longitudinal components of W and Z gauge bosons. More important is that those resonances would provide a clear signal that a strong interacting dynamics is responsible for the spontaneous breaking of the electroweak symmetry.
We have focused, in particular, on the resonances that could contribute to the W L Z L → W L Z L scattering. This channel has the appropriate characteristics to implement our approach, that searches for vector resonances dominating the amplitude. Assuming resonance saturation of the LECs of the effective chiral Lagrangian describing the interaction among Goldstone bosons, we could extract relevant information on the lightest vector resonances from the zeros of the elastic scattering amplitude. We first applied our method to the well known case of the ρ(770) resonance and the O(p 4 ) chiral π − π 0 → π − π 0 amplitude and considered the impact of introducing the next order in the chiral expansion.
Turning to the electroweak case we exploited the fact that, at leading order in the expansion provided by the equivalence theorem, the dynamics of the longitudinally polarized gauge boson scattering is described by the electroweak chiral Lagrangian (12) , which is identical to the one that generates the ρ(770) in elastic ππ scattering upon the obvious change of scale F π → v. Within this approach we have explored the parameter space of the two low-energy couplingsā 4 andā 5 needed to describe the W L Z L → W L Z L scattering amplitude, in order to identify the region where a vector resonance can dominate the amplitude, and provide an estimate of its mass. The outcome has been shown in Figure 4 as a contour plot in the (ā 4 ,ā 5 )-plane. Our main conclusion is that no vector resonances are found forā 4 8 andā 5 25, indicating that Higgsless models with vector resonances which saturate the low-energy couplings to the expected natural order of magnitude (ā 4,5 ∼ 1) would be excluded to a large extent. If we consider the neighborhood outside that natural order of magnitude, we see that the first resonances, appearing forā 4 > ∼ 8, have masses above 1 TeV. Lighter vector resonance masses appear for rather unnatural values of the parameters.
The improvement of our method by the inclusion of the O(p 6 ) contributions will entail a few technical difficulties, since it carries many new couplings (as it was seen in the QCD case in Section II) that make an analogous treatment to the one proposed here rather cumbersome. Nevertheless, if LHC confirms that there is no light Higgs, the study of the zeros of the gauge boson scattering amplitudes with the use of effective field theories driven by the spontaneous symmetry breaking pattern could provide a model-independent tool to explore the role of the resonances emerging from the new strong dynamics and shall therefore be pursued, for instance, through the search for higher spin states.
